Abstract: The purpose of this study was to use finite element analysis to compare the biomechanical characteristics after lateral locking plate (LLP) or LLP with a medial anatomical locking plate (LLP-MLP) fixation of proximal humeral fractures with an unstable medial column.
INTRODUCTION
C omminuted fracture of the proximal humerus is a common injury, especially in patients with osteoporosis. Epidemiologic studies have shown that proximal humeral fractures account for 4% to 5%
1,2 of all fractures and 45% 3 of humerus fractures. Many different methods of internal fixation have been applied to proximal humeral fractures, such as intramedullary nailing, 4,5 locking plates, 6, 7 and prosthetic replacement 8, 9 and so on. In recent years, locking plate has become popular and shown good clinic outcomes. 10 Lateral locking plate (LLP) can provide rigid fixation and satisfactory biomechanical characteristics. 11 However, some complications still haunts doctors, including varus malunion, screw cutout, nonunion, device failure, avascular necrosis, subacromial impingement, and infection. [11] [12] [13] Among these complications, varus malunion is the most common. 14 The varus malunion can often be attributed to the loss of a buttress on the medial column. 14 To address this problem, some researchers have suggested placing oblique locking calcar screws. In their opinion, the placement of such calcar screws in the angular stable plate fixation of proximal humeral fractures was associated with less secondary loss of reduction by providing inferomedial support. 15, 16 However, Bai et al 17 reported that calcar screws increased the axial and shear stiffness of the humerus, but did not improve the overall biomechanical stability, concluding that direct medial support may be a more effective strategy. Based on this work, we used a medial anatomical locking plate (MLP) to directly support the medial column. We believed that the combined application of MLP and LLP would provide a stable dual-column buttress for the treatment of proximal humerus fractures, especially in cases of severely comminuted or osteoporotic fractures. However, the biomechanical characteristics of LLP and LLP-MLP fixation have not been investigated. Thus, the purpose of this study was to use finite element analysis to compare the biomechanical characteristics of LLP and LLP-MLP fixation. We simulated normal and osteoporotic proximal humerus fractures using the 2 different internal fixation methods each under 7 loading conditions. To assess the biomechanical characteristics of the repair, the construct stiffness, fracture micromotion, and implant stress distribution were determined and compared.
METHODS

Finite Element Models and Implants
This study was done at the Provincial Hospital Affiliated to Shandong University in Jinan, Shandong, China and permission was obtained from the hospital Ethics Committee. Authors had to obtain patient consent before enrolling participants in this study.
A 3-dimensional finite element method model was developed from a computed tomography (CT) scan of a 38-year-old healthy female subject. The proximal humeral fracture model with an unstable medial column was simulated as a 10 mm horizontal bone defect below the surgical neck (Fig. 1) . The areas of cortical and cancellous bone were separated based on the CT values in Hounsfield units (HU). The CT values, as measured on our scanner (Lightspeed VCT, GE, Fairfield, CT), of cortical bone were 450 to 3000 HU and of cancellous bone were 150 to 450 HU. The strength of the humerus was simulated in 2 conditions: normal bone (Nor) and osteoporotic bone (Ost). The elastic modulus of the Ost model bone was decreased by 33% for cortical bone and 66% for cancellous bone. 18 Two types of implants, the LLP and LLP-MLP, were instrumented into the proximal humeral fracture model (Fig. 1) . The LLP was 90 mm in length and 2.5 mm in thickness 
Finite Element Analysis
The finite element analysis was performed in Abaqus 6.13 (3DS, Waltham, MA). Linear elastic isotropic material properties were assigned to all models and implant materials. The properties of the bones and implants are shown in Table 1 . 18, [20] [21] [22] [23] The interface of the humeral head and the glenoid was fixed in the models of the proximal humeral fracture. The contact behavior of the plate/locking-screw and bone/locking-screw interfaces was defined as fully fixed. The contact behavior of the plate/bone and cortical-screw/bone interfaces was defined as surface-to-surface. The cortical screws were fixed into the plates and humeral cortices. All of the contact elements were defined as deformable elements. The analyses were performed assuming frictionless interactions to simplify the contact phenomena.
Compressive and rotational loads were applied to the humerus model to simulate the functions of the shoulder joint, including abduction, adduction, flexion, extension, axial compression, and internal and external rotation (Fig. 2) . For compression, 100 N loads were distributed onto the shaft of the humerus in 4 directions to simulate the effects of muscle abduction, adduction, flexion, and extension. In addition, 200 N loads were applied to the ends of the humerus to simulate axial compression. To simulate internal and external rotations, 7.5 and À7.5 Nm torques were applied to the end of the humerus around the humeral mechanical axis. The stiffness of the simulations was determined to compare the stabilities of the different constructs. The stability of the fracture zone was assessed as the displacement of the fracture gap. Four points were defined on the distal fracture gap to measure the displacements (Fig. 3) : the medial (a), anterior (b), lateral (c), and posterior (d). To assess the force conditions, the von Mises stress distribution and maximum stresses on the implants were determined.
RESULTS
Construct Stiffness
The compressive and rotational stiffness of the LLP and LLP-MLP fixation techniques are shown in Table 2 . When assuming Nor properties, LLP-MLP fixation provided a higher construct stiffness than LLP fixation. Similar results were also found when assuming an Ost bone condition, especially for rotational stiffness. In fact, the LLP-MLP rotational stiffness in Ost bone was 224.6 N/Rad, approximately 4 times larger than the LLP rotational stiffness.
Implant Stress
The maximum von Mises stress and stress distribution after LLP fixation under different loading conditions are shown in Figure 4 and Table 3 . During shoulder joint abduction or adduction, the stress was concentrated on the deformation site where was area from the broad to the narrow on the LLP. During shoulder joint flexion or extension, the maximum stress occurred on the proximal and distal locking screws after LLP fixation. The maximum stress under axial compression occurred on the deformation site and on the proximal and distal locking screws. During internal and external rotation of the shoulder joint, the stress was minimal.
The maximum von Mises stress and stress distribution after LLP-MLP fixation are shown in Figure 5 and Table 3 . The maximum von Mises stress was clearly decreased by at least Table 3 . The maximum von Mises stress was increased after LLP fixation in the Ost bone, especially compared with the use of LLP-MLP.
Fracture Displacements
The fracture displacements measured during different simulated activities are shown in Figure 6 . The distributions of the compressive and rotational displacements are shown in Figure 7 . In general, the displacements measured were significantly reduced by using the MLP in addition to the LLP. In the Ost bone condition, however, the displacements of points b, c, and d were increased during abduction and adduction after LLP-MLP fixation. For both LLP and LLP-MLP, the stability of the fractures was decreased in the Ost bone condition.
Illustrative Case Study
A 62-year-old female patient sustained a fracture of her proximal humerus with an unstable medial column after a fall. Preoperative anteroposterior radiographs and CT scans were performed (Fig. 8) . The patient strongly preferred surgery to return to normal life as soon as possible.
In illustrative case, the quantity and placement of locking screws were not same as finite element analysis because of different fractures. The LLP was fixed to the lateral proximal humerus with 2 parallel proximal, 2 crossed proximal, 2 distal locking screws, and 1 cortical screw. The MLP was fixed to the medial proximal humerus with 3 proximal and 2 distal locking screws.
Postoperative anteroposterior radiographs (Fig. 9) showed the successful application of LLP-MLP fixation to treat the proximal humeral fracture. After 6 months, the anteroposterior radiographs and range of motion were shown in Figures 10 and 11 . The patient had not experienced any complications, such as varus malunion, screw cutout, nonunion, device failure, or avascular necrosis.
DISCUSSION
Although the lateral locking plate technique was developed to treat proximal humeral fractures, the procedure has a surprizingly high rate of complications. A systematic review by Sproul et al 14 reported that the rate of complications was 49%, with varus malunion being the most common complication. Especially for patients with osteoporosis, the complications occurred more frequently. 19, 20 From the biomechanical perspective, the LLP provides rigid lateral fixation, direct partial rotational stability, and indirect medial buttressing. Combining LLP with MLP should theoretically improve the stability of the medial column and rotation. However, no previous studies have determined the medial column stability of the proximal humerus after treatment with LLP-MLP. Therefore, the aim of the present study was to determine the fracture stability and implant stress after treatment with LLP and LLP-MLP.
Implant Stress
The maximum axial compression von Mises stress on the LLP implant was 2251.0 MPa. The proximal and distal locking screws, which are the most likely sites for failure after internal fixation, withstood the highest stresses. The maximum von Mises stress was decreased to 546.5 MPa after in the LLP-MLP method. This result shows that the MLP distributes the stress on the LLP, which may reduce the risk of implant failure, possibly by transferring the loads through both the lateral and medial pathways (Fig. 12) . Similar results were also found in the other loading conditions. 
Although the calcar screws were heavily loaded after LLP treatment, the stress on the calcar screws was decreased when using the LLP-MLP method. Calcar screws mainly provide medial support, 21 suggesting that the medial support function of the calcar screws was largely replaced by the MLP during treatment with LLP-MLP. Thus, the data suggest that MLP provides strong medial support and the use of calcar screws may not be necessary for LLP-MLP.
Fracture Displacements and Construct Stiffness
Fracture displacement is one measure of the stability of the fracture region. The results reported here showed that the use of the MLP significantly decreased the amount of displacement in abduction, adduction, flexion, extension, axial compression, and internal and external rotation. The amount of displacement during axial compression was decreased by 85.4% on average with LLP-MLP compared with LLP alone. The displacements of point a, which represents the stability of the medial column, was particularly affected. When simulating activities, the displacements of point a were decreased by 60.0%, indicating that the stability of the medial column was improved and suggesting that the incidence of varus malunion may be decreased with LLP-MLP fixation. Similar results were found for points b, c, and d. This result was supported by the construct stiffness results. Together, they indicate that LLP-MLP provides more construct stability than LLP alone, and increased stability is beneficial for fracture healing. Another advantage of strong fixation using LLP-MLP is that patients can perform exercise earlier after surgery to recover as much shoulder joint function as possible.
An interesting phenomenon became apparent based on the distribution of the displacements measured during compression and rotation. After LLP fixation, the distal locking screws acted as a pivot point under loading, creating instability in the medial column (Fig. 7) . This interesting phenomenon was not present after LLP-MLP fixation, which stabilized the medial column.
Normal and Osteoporotic Bone
In the Ost condition, the displacements of the fracture zone and the stress on the LLP and MLP implants were increased compared with those measured in the Nor condition, illustrating that osteoporosis changes the biomechanical properties of the fixation. As was found for Nor, the displacements and the maximum von Mises stress were decreased when using LLP-MLP compared with LLP. However, other results were unexpected. During shoulder abduction and adduction, the displacements of point b, c, and d were larger in LLP-MLP than LLP fixation. A weak antipullout strength between the screws and Ost may explain this unexpected result. Because the force direction is parallel to the long axis of the screws during shoulder joint abduction and adduction, the screws have a tendency to be pulled out, making the fracture region unstable. In addition, the shape and thickness of the Ost were very different than those of Nor. In the present study, we only changed the elastic modulus of the tissue to simulate Ost, but did not adjust the shape or thickness of the model. This is certainly 1 limitation of the study; however, we created the osteoporotic model according to other relevant finite element researches. 18, [22] [23] [24] [25] [26] Therefore, the conclusions should be further studied using biomechanical testing to determine the feasibility for the osteoporosis. As a precaution, this new technology should not be performed in the severe osteoporotic patients.
Illustrative Case
The radiologic data from this case showed that the line of force of the fracture was not bad and that conservative treatment would be acceptable. However, the patient strongly desired to have surgery to return to her normal life, leading us to decide to perform an internal fixation. The LLP-MLP fixation provides more support for the medial column of the proximal humerus than LLP fixation. The medial approach provides the operator a clear view of the medial column to perform reduction and bone grafting in severe cases. Because the finite element method results indicated that the calcar screws were unnecessary with LLP-MLP, we did not instrument the calcar screws in this illustrative case. Moreover, placing the calcar screws increases the surgical trauma because the deltoid muscle must be cut. For the MLP, using 5 screws in 2 planes is enough because the main effect is medial support. With respect to the shoulder contracture, this new technique was applied on a small number of patients which is a limitation of our study. According to the existing results, it remains unknown whether this new technology would lead to shoulder stiffness. This question may be resolved by retrospective analysis of a large number patient in further research.
However, the medial approach is not easy to learn because of the complex anatomy of the neurovascular structures. Obviously, the surgeon must be very familiar with the regional anatomy and operate carefully to avoid iatrogenic injury to the nerves and blood vessels. Moreover, LLP-MLP combination was applied in a few patients, and larger studies must be investigated before this new method can be recommended.
CONCLUSIONS
Treatment of proximal humeral fractures with an unstable medial column using LLP and MLP is feasible. Compared with LLP alone, the LLP-MLP fixation provides strong support for the medial column and enhances the stability of the fracture region, which may reduce the incidence of varus malunion. Another benefit of the rigid fixation is that patients can engage in functional exercises earlier after surgery to reduce the incidence of shoulder ankylosis.
